Figure 1. The continuous dance between genetic translation and metabolic pathways has shaped the nature of life, including types of cellular organization, proteome composition, sources of energy, and the structure of the phylogenetic tree.
Since the origin of life, metabolism and protein synthesis have evolved together to balance the vast amounts of ATP and amino acids required for genetic translation with the rest of the cell's energy needs. A new study offers satisfying insights into a longstanding evolutionary mystery surrounding a fused, bifunctional aminoacyl-tRNA synthetase. To avoid depleting cells from an essential amino acid generated by the Krebs cycle, harvesting for Glu and Pro by the translation machinery was unified in animals, thus preventing a Pro-hungry translational apparatus from depleting the cell of essential Glu reserves.
Well before the emergence of the last common ancestor of all living species, at the time when the first forms of individual cells emerged in primordial earth, metabolism became coupled to heredity. Why so soon? Genetically encoded protein synthesis is the principal source of energy and amino acid expenditure in cells, so it stands to reason that the selection of the fittest ancestral organisms optimized the coordination of energy-producing pathways with genetic translation. The exact nature of this relationship is unknown, because we lack fundamental information about ancestral cells such as the composition of their genomes or the source of chemical energy that they used. However, clues have been discovered, for example, linking translation to ATP synthesis and amino acid starvation. A new analysis by Eswarappa et al. (1) adds to this evidence by proposing a new and elegant connection between energy metabolism and the ongoing retention of a dual aminoacyl-tRNA synthetase (ARS). 2 These results help to explain a puzzling aspect of these enzymes and provide a tantalizing look into the possible evolutionary dance between heredity and cellular metabolism.
At the core of the evolution of the genetic code lie two ancient molecules: the tRNAs (tRNA) and the ARSs. ARSs catalyze the adenylation of amino acids and their subsequent attachment to their cognate tRNAs. ARSs evolved from ATPbinding domain architectures (2, 3) ; the physical association between ARSs and ATP synthase in cyanobacteria likely hints at the ancestral relationship between metabolism and heredity (4). In yeast, there is a close functional association between the ATP-producing machinery and ARSs, in which the expression levels of ATP synthase, and the transition to respiratory metabolism, are controlled by the dynamics of a complex including two ARSs (5) . Another clue? The long-standing co-evolutionary theory for the origin of the genetic code states that codonamino acid equivalencies used in translation directly stem from the biosynthetic relationships among amino acids (6) . Whether this single consideration is able to explain the complete structure of the code is a matter of debate (7, 8) , but even if the theory was only valid for a limited number of codons, it would still be a clear reflection of the intimate connection between the origins of metabolism and protein synthesis.
Very early, the availability of amino acids must have become a major limiting factor for protein synthesis, and mechanisms emerged to tune translation rates to the amino acid pool. Exquisite examples are T-box riboswitches, translation-control modules located at the upstream region of mRNAs coding for ARSs. Under amino acid starvation conditions, the growing population of uncharged tRNAs activate the riboswitches, increasing the translation rates of ARS genes, and improving the efficiency of amino acid harvesting for protein synthesis (9) .
Despite all of these insights, one feature of these enzymes in animals has remained a mystery. In these species, glutamyl-and prolyl-tRNA synthetases (ERS and PRS) are fused into a single bifunctional enzyme (EPRS). In mammals, EPRS is a component of a multi-ARS complex, where it is linked to the regulation of several signaling pathways (10) . However, the nature of the ancestral pressures that selected for individuals with fused EPRS in animals was unclear.
To solve this puzzle, Eswarappa et al. (1) first noted that glutamic acid (Glu) and proline (Pro) are secondary products of the citric acid cycle, where Glu is derived from ␣-ketoglutarate (␣KG) and, in turn, is the metabolic precursor of Pro. This implies that the synthetic flux of Pro will directly affect the levels of Glu in the cell. They then hypothesize that a decrease in free Pro levels should accelerate the flux of Glu to Pro conversion if the activity of the relevant synthetic enzymes was uncoupled, a situation that could result in the depletion of Glu levels. Given the multiple roles of Glu in cells (including being the precursor for arginine and glutamine), such depletion could be highly deleterious. Thus, in a situation of increased Pro demand, mechanisms to prevent the subsequent Glu depletion would be advantageous.
Interestingly, a comparison of bacterial, basal eukaryotic, and animal proteomes reveals that the latter have significantly higher Pro content, which, the authors argue, could be linked to
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the emergence of animal-specific Pro-rich proteins such as collagens. Thus, a situation may have arisen in early animal cells where an expansion in proteomic Pro content would have driven an overexpression of PRS and a depletion of free Pro, in turn causing a depletion in Glu levels.
A simple solution to this problem would be the fusion of the two genes coding for ERS and PRS, which would effectively prevent imbalances in the levels of the two ARSs. Eswarappa et al. (1) build a mathematical model to study the impact of Pro fluctuation that indicates, first, that an increased Pro demand is better tolerated by systems using the fused EPRS, which manage to maintain steadier levels of Glu, than separate enzymes. Moreover, in conditions of depleted ␣KG, the EPRS system is more efficient at maintaining the levels of both Glu and Pro than the isolated sequences. Interestingly, EPRS was also more efficacious at keeping steady levels of its cognate amino acids than alternative solutions such as increasing the rate of Glu synthesis from ␣KG or reducing Glu incorporation into proteins. Another solution that was explored, of dysregulating the PRS activity within the EPRS fusion, was more effective at maintaining steady-state levels of Glu and Pro, but only at low concentrations of Glu's precursor, ␣KG. Thus, the fused EPRS remains the best solution to take advantage of variable cellular conditions.
The intimate coordination of metabolism and heredity was essential for the emergence of life and has remained an absolute requirement throughout ( Fig. 1) . At times of major evolutionary transitions, new selective pressures emerge that are met with radical adaptations. Possibly, at the root of the origin of animals, large variations in proteome composition imposed new demands upon the metabolic and translation machineries. Among the many solutions that were surely explored, fusing ERS and PRS allowed the initial species of this new kingdom to better regulate their levels of essential metabolites. And thus the waltz continued.
